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Abstract
We extend the formulation by Meade, Seiberg and Shih of general gauge medi-
ation of supersymmetry breaking to include Dirac masses for the gauginos. These
appear through mixing of the visible sector gauginos with additional states in adjoint
representations. We illustrate the method by reproducing the existing results in the
literature for the gaugino and sfermion masses when preserving R-symmetry. We then
explain how the generation of same sign masses for the two propagating degrees of
freedom in the adjoint scalars can be achieved. We end by commenting on the use of
the formalism for describing U(1) mixing.
1 Introduction
The study of patterns of supersymmetry breaking is of central importance as it
is a necessary step in trying to understand the possible connections between non-
supersymmetric infrared vacua, that might be useful in describing the world at acces-
sible energies, to supersymmetric theories, that might describe a fundamental theory
in the ultraviolet. Among possible descriptions of the breaking, gauge mediation sce-
narios [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11] are of special interest because of their simplicity,
and because of certain phenomenological features, such as the universality of scalar
soft masses which provides a solution to the SUSY flavor problem. Recently, Meade,
Seiberg and Shih (MSS) [12] proposed a framework called “General Gauge Mediation”
(subsequently considered in [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25]) aimed
at going beyond the ordinary models with perturbative secluded sectors to incorpo-
rate the case of arbitrary SUSY breaking sectors. Following MSS gauge mediation
is defined as the ability to decouple the theory into a visible sector and a separate
hidden sector (where SUSY is broken) when taking the limit of all the visible gauge
couplings to zero.
While a definitive requirement for viable supersymmetry breaking is the generation
of masses for the gauginos, the nature of these masses is not fixed. It can be either of
Majorana type, which is the case in the MSSM, or of Dirac type which is necessary if
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R-symmetry remains unbroken. Investigations for a microscopic origin of the Dirac
gaugino masses have been motivated by the possibility of supersoft mass terms [26,
27, 28], brane models with non-supersymmetric intersections (non-supersymmetric
fluxes) [29, 30, 31], or the possibility of using calculable R-symmetric F -term SUSY
breaking models[32, 33, 34]. From an effective low energy point of view, the expected
minimal extension of the MSSM to include Dirac masses is explicitly summarized in
[35] and corresponding experimental signature of Dirac gauginos studied in [36, 37].
This work deals with the possibility of describing the above class of models with
Dirac gauginos using the framework of MSS, i.e. we determine the general conse-
quences of coupling a chiral multiplet in the adjoint representation of each of the
MSSM gauge groups to the messenger sector. Although these kind of models may
appear to be a form of direct mediation, we assume, as done in the above previous
literature with Dirac gaugino masses, that there is no superpotential term coupling
the adjoint fields to the visible matter superfields. Therefore, the mixing between the
adjoint fermions and gauginos vanishes at zero gauge coupling, and we can extend the
MSS formalism. This is a natural assumption, since the only dimension four operators
respecting the gauge symmetries that could couple the adjoint fields to the MSSM
involve only the Higgs. Provided that we use the extended MSS definition [12] of
General Gauge Mediation, that we define such couplings to vanish when we also take
the gauge couplings to zero, these fall into the MSS formalism. Such operators can be
desirable for phenomenological reasons, for instance to provide a decay channel to the
bino. However, the Higgs sector presents challenges for gauge mediation, especially
because of the difficulty in generating both µ and Bµ terms with the right magnitude.
We will not discuss these issues further, nor others such as gauge unification, in this
work and refer to the previous literature cited above, and also [38, 39, 40, 41].
Section 2 reviews the formulation of MSS, that uses current correlators in order to
parametrize the visible sector soft terms. Section 3 explains the necessary extensions
in order to include the Dirac gaugino masses and gives the corresponding formulae
for the sfermion masses. Section 4 illustrates the use of current correlations to re-
produce the result of existing models and extend them to the case of both a D and
an F-term. Previous microscopic derivations of supersoft Dirac gaugino masses were
plagued with a problem: in the perturbation expansion one obtains a tachyonic mass
for one component of the scalars in the adjoint representation [27, 28, 31]. Section 5
explains how this is fixed in the case of multiple messengers by an appropriate choice
of superpotential. Some examples are given to illustrate the results. Finally, section
6 provides a short discussion on the use of current correlators for describing kinetic
mixing between two Abelian gauge vectors.
2 Quick Review of General Gauge Mediation
The philosophy of general gauge mediation [12] (see also [16, 17, 18]) is to treat
the messenger sector as coupling to a supersymmetric visible sector (presumably the
MSSM, but not necessarily) linearly via currents to the gauge superfields. Correlators
of these currents then determine the observable data, which consist of the scalar and
gaugino masses. These are then specified by three real and three complex parameters
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respectively, and satisfy two sum rules.
The gauge superfield V couples to the gauge current superfield of the messenger
sector J where
J = J + iθj − iθj¯ − θσθ¯jµ + 1
2
θθθ¯σ¯µ∂µj − 1
2
θ¯θ¯θσµ∂µj¯ − 1
4
θθθ¯θ¯J (2.1)
via a linear term
Lint = 2g
∫
d4θJV = g(JD − λj − λ¯j¯ − jµVµ). (2.2)
By defining correlators
〈J(p)J(−p)〉 = C˜0(p2/M2;M/Λ)
〈jα(p)j¯β˙(−p)〉 = −σµαβ˙pµC˜1/2(p
2/M2;M/Λ)
〈jµ(p)jν(−p)〉 = −(p2ηµν − pµpν)C˜1(p2/M2;M/Λ)
〈jα(p)jβ(−p)〉 = ǫαβMB˜1/2(p2/M2) (2.3)
where M is a mass scale defined by the correlators and Λ is the cutoff for the theory,
we find
C˜a(p
2/M2;M/Λ) = 2π2c log Λ/M + C˜a(p
2/M2) (2.4)
where c is independent of a and determines the change in beta function due to the
messenger matter; and we can calculate terms in the effective Lagrangian
δLeff =1
2
g2r C˜0(0)D
2 − g2iC˜1/2(0)λσµ∂µλ¯
− 1
4
g2C˜1(0)FµνF
µν − 1
2
g2(MB˜1/2(0)λλ+ c.c.).
(2.5)
We can then read off the Majorana gaugino masses:
mM = g
2MB˜1/2(0). (2.6)
The scalar mass for a sfermion f˜ in representation f of gauge group r with coupling
gr is given by
m2
f˜
= g21Yfξ +
3∑
r=1
g4rC2(f ; r)Ar, (2.7)
where Yf is the associated hypercharge, C2(f ; r) is the quadratic Casimir and ξ is a
Fayet-Ilioupoulos term, and
Ar = −
∫
d4p
(2π)4
1
p2
(
3C˜
(r)
1 (p
2/M2)− 4C˜(r)1/2(p2/M2) + C˜
(r)
0 (p
2/M2)
)
. (2.8)
Thus the gaugino masses are a priori unrelated to the sfermion masses and the change
in beta function. However, there are two sum rules obeyed by the scalars, since U(1)Y
and U(1)B−L are non-anomalous:
tr(Y m2)− g21ξtrY 2 = 0
tr
(
(B − L)m2
)
− g21ξtr
(
(B − L)Y
)
= 0.
(2.9)
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3 Adjoints and General Gauge Mediation
Our aim is to see how additional matter in the adjoint representation of the standard
model gauge groups fits within the context of general gauge mediation. For non-
Abelian groups adjoint chiral fields X (= X +√2θχ+ θθFX + ...) couple to the gauge
fields via the current
JX = [X ,X †] (3.1)
and one could attempt to parametrise their behaviour entirely in this way. However,
we find the prescription lacking when we want to describe the gaugino masses: the
adjoint fermions may mix with the gauginos via Dirac mass terms. To include them,
we consider the coupling of the adjoint to messenger fields via the superpotential
W ⊃ λXXJ2 (3.2)
leading to a coupling in the Lagrangian
L ⊃ λX
[
χj2 + χj2 +XF2 + X¯F¯2
]
. (3.3)
Here J2(= J2 +
√
2θj2 + θθF2 + ...) is a chiral superfield. Superficially this may
appear to be a form of direct mediation, but as explained in the introduction, since
we are not considering the Higgs sector it is natural to assume that there is no
superpotential term coupling the adjoint fields to the visible matter. In this way, the
mixing between the adjoint fermions and gauginos vanishes at zero gauge coupling,
and we can extend the MSS formalism. The calculation of this mixing involves, in
addition to the correlator of jα (the chiral fermionic component of the messenger
gauge current) with itself, the new correlators
〈j2α(p)j¯2β˙(−p)〉 = −σµαβ˙pµE˜1/2(p
2/M2;M/Λ)
〈jα(p)j¯2β˙(−p)〉 = −σµαβ˙pµG˜1/2(p
2/M2;M/Λ)
〈jα(p)j2β(−p)〉 = ǫαβMH˜1/2(p2/M2)
〈j2α(p)j2β(−p)〉 = ǫαβMI˜1/2(p2/M2) (3.4)
(hereM is a mass scale that is defined through the above correlators) leading to terms
in the effective Lagrangian
δLeff =− gλXMH˜1/2(0)χλ − gλX iG˜1/2(0)χσµ∂µλ¯
− 1
2
λ2XMI˜1/2(0)χχ−
1
2
λ2XiE˜1/2(0)χσ
µ∂µχ¯+ c.c.
(3.5)
Then, allowing for a possible tree level majorana mass term for the adjoint fermions
of 12Mˆ
0
XM(χχ + χχ) (where Mˆ
0
X is dimensionless), we find to the lowest order in g
and λX two majorana fermions of mass
m± =
1
2
M
[
Mˆ0X + λ
2
X I˜1/2(0) + g
2B˜1/2(0)
±
√(
Mˆ0X + λ
2
X I˜1/2(0)− g2B˜1/2(0)
)2
+ 4g2λ2XH˜
2
1/2(0)
] (3.6)
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In the case (such as when preserving R-symmetry) where for the majorana terms
Mˆ0X = 0 and B˜1/2(0) = I˜1/2(0) = 0, we recover two majorana fermions of mass
H˜1/2(0) which combine to yield a Dirac gaugino with mass
mD = gλXMH˜1/2(0). (3.7)
Now we turn to the computation of scalar masses. The one-loop generated gaugino
soft masses can induce soft masses for the scalars at higher order, as in the case of
ordinary gauge mediation. This is manifest in singular behaviour in the correlator
C˜1/2 at low momentum; if we compute C˜1/2 at two loops we obtain a term of the form
C˜1/2(p
2) ⊃ − 1
p2
σ¯µ
β˙α
pµ|λX |2 1
2
∫
d4xeip·x〈jα(x)
(∫
d4z1j2χ
)(∫
d4z2j2χ
)
jβ˙(0)〉
⊃ 1
p2 + (MMˆ0X)
2
|λX |2|H˜(p)|2 + ..., (3.8)
which is divergent in the infra-red if Mˆ0X = 0. In this case of Dirac gaugino masses,
we therefore resum all of the one-particle irreducible contributions to the soft mass-
squareds, giving the improved formula
Ar = −
∫
d4p
(2π)4
1
p2
(
3C˜
(r)
1 (p
2/M2)−
4C˜
(r)
1/2(p
2/M2)
1 + g2r C˜
(r)
1/2(p
2/M2)
+ C˜
(r)
0 (p
2/M2)
)
(3.9)
which is finite in the infra-red. We then find that the conclusions from general gauge
mediation are unchanged: the MSS sum rules are preserved, and the gaugino masses
are a priori unrelated to the scalar masses. However, some of the techniques [17, 18]
developed to examine the leading order terms in the SUSY breaking order parameter
cannot be applied here since the correlators C˜a no longer correspond to coefficients
in the effective action.
Note that we did not resum C˜0 or C˜1. We must have no pole in C˜1, or we would
generate a mass for the gauge bosons, and hence it is not necessary to resum that
term. Moreover, if we consider C˜0 with Mˆ
0
X = 0, we find
C˜0(p
2/M2) ⊃ |λX |2 1
2
∫
d4xeip·x〈J(x)
(∫
d4z1XF2
)(∫
d4z2X
†F †2
)
J(0)〉
⊃ |λX |2|〈J(p)F2(−p)〉|2〈X(p)X†(−p)〉+ ...
⊃ 1
p2
|λX |2|〈J(p)F2(−p)〉|2 + ..., (3.10)
but rather than resumming the whole of C˜0, we find that we should just include
further terms in the 〈X(p)X†(−p)〉 propagator. We also find a contribution from the
〈X(p)X(−p)〉 propagator and its conjugate. These are straightforward to incorporate;
defining the correlators
〈F2(p)F †2 (−p)〉 =M2F˜0(p2/M2)
〈F2(p)F2(−p)〉 =M2F˜ ′0(p2/M2),
(3.11)
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we find
XP =
1√
2
(e−iθX + eiθX†), XM = − i√
2
(e−iθX − eiθX†), (3.12)
are two separate propagating degrees of freedom with masses mP ,mM respectively,
where the angle θ is such that they are independent, and can be given by
e4iθ =
F˜ ′†0 (0)
F˜ ′0(0)
. (3.13)
Note that in many cases we find that F˜ ′0(0) is real, in which case XP ,XM become the
real and imaginary parts of X. In addition we define the correlators
J˜0(p
2/M2) ≡ 〈J(p)F2(−p)〉, J˜ ′0(p2/M2) ≡ 〈J(p)F †2 (−p)〉, (3.14)
we find
C˜0(p
2/M2) ∼
p2 → 0
1
p2 +m2P
|λX |2|eiθJ˜0(0) + e−iθJ˜ ′0(0)|2
+
1
p2 +m2M
|λX |2|eiθJ˜0(0)− e−iθJ˜ ′0(0)|2,
(3.15)
and thus we do not need to resum the C˜0 contribution either. We can determine the
masses to lowest order in gλX as
m2P =λ
2
X
M2
2
(
F˜0(0) + |F˜ ′0(0)|
)
m2M =λ
2
X
M2
2
(
F˜0(0)− |F˜ ′0(0)|
)
.
(3.16)
We can use the above to calculate the leading contribution to the sfermion masses
due to the masses generated for the gauginos and adjoint scalars. Denoting the scale
of supersymmetry breaking in the hidden sector as
√
∆ (where ∆ can be taken to be
F,D for F or D term breaking respectively, or the square of the vacuum energy for a
model-independent definition) we can compute the leading contribution in ∆/M2 at
order g4λ2X as follows. First consider that supersymmetry is restored above the scale√
∆ and thus we can consider an expansion at low energies where
δAr = −λ2X
∫
d4p
(2π)4
1
p2
[
− 4|H1/2(0)|
2
p2 +m2D
+
|eiθJ˜0(0) + e−iθJ˜ ′0(0)|2
p2 +m2P
+
|eiθJ˜0(0) − e−iθJ˜ ′0(0)|2
p2 +m2M
]
.
(3.17)
This appears to have ultra-violet divergences. However, these generate terms in the
effective Lagrangian
δL ⊃ D
(
XJ˜0(0) +X
†J˜†0(0)
)
−MH1/2(0)λχ−MH†1/2(0)λχ (3.18)
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which at O(∆/M2) can only come from an effective term
δL ⊃
∫
d2θW ′αW
αX, (3.19)
where W ′α is a spurion developing a vev θαD, and so
H1/2(p
2)− J˜0(p2) =O(∆2/M4)
H†1/2(p
2)− J˜ ′0(p2) =O(∆2/M4).
(3.20)
We therefore find
g2rδAr = 4|mD|2 log
m2P
|mD|2 + (mD −m
†
D)
2 log
m2P
m2M
(3.21)
to first order in ∆/M2. If H1/2(0) is real, then we find
g2rδAr = 4m
2
D log
m2P
m2D
(3.22)
giving
δm2
f˜
=
3∑
r=1
C2(f ; r)
g2r (m
(r)
D )
2
4π2
log
(
m
(r)
P
m
(r)
D
)2
, (3.23)
in agreement with the expressions in [27]. Since we expect ∆/M2 ≪ g2 ∼ λ2, this
becomes the dominant component if the two-loop mass squareds are O(∆4/M6).
4 Applications
In this section we shall show how to use the formalism developed above to calculate the
gaugino and scalar masses in explicit examples. We will in turn illustrate the simple
cases of supersymmetry breaking by D terms, R-symmetry preserving F-terms, and
finally generic D and F terms.
4.1 Example with D Term Breaking
We consider as a first example the case of D-term supersymmetry breaking with
messenger fields Q, Q˜ of mass M with opposite charges under a hidden U(1) gauge
field that develops a vev W ′α = θαD, coupled to an adjoint field with
J2 = QQ˜. (4.1)
This has been well studied in [26, 27, 31]. We find
H1/2(p
2/M2) =
√
2
∫
d4q
(2π)4
(
1
q2 +M2−
− 1
q2 +M2+
)
1
(p+ q)2 +M2
(4.2)
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where M2± =M2 ±D, and thus
mD = gλXMH1/2(0) =
1√
2
gλXI(M,D) (4.3)
where we have defined
I(M,∆) ≡ 2 1
(4π)2
∆
M
[
(1−∆/M2) log(1−∆/M2) + (1 + ∆/M2) log(1 + ∆/M2)
∆2/M4
]
∼ 2
(4π)2
∆
M
+ ...
(4.4)
Since the gaugino masses in this model are pure Dirac, we find that for degenerate
messenger masses M under SU(3), SU(2) and U(1)1 that the ratio of gaugino masses
is
m1 : m2 : m3 = λ1
√
α1 : λ2
√
α2 : λ3
√
α3 (4.5)
The parameters λi are not independent, however; they are determined by running the
coupling from the unification scale.
4.2 Example with R-symmetric F Term
As another example, consider the model of [34]: the standard model gauge group
is embedded in an SU(5) ⊂ SU(6), and there is a hidden U(1) group. The field
content is given by an SU(6) adjoint M , SU(5) adjoints Φ,M ′; fields N and ϕ in the
fundamental of SU(5) and N¯ , ϕ¯ in the antifundamental, supplemented by a singlet
pair ψ, ψ¯. The superpotential is
W =W1 + λ(ϕ¯Mϕ+ κ
′ψ¯Xψ + κϕ¯Nψ + κψ¯N¯ϕ)− f2(X + ωTrM), (4.6)
where
W1 = y(ϕ¯ΦN − N¯Φϕ). (4.7)
ψ¯ψ develops a vev equal to M2mess = |v|2 = f2/λκ′, and 〈FTrM 〉 = ωf2. The ϕ, ϕ¯∗
scalars mix into φ± = 1√2(ϕ¯
∗ ± ϕ) with masses m2± = (1 ± z)M2mess, where z =
ωκ′/κ2. The scalars N, N¯ acquire masses Mmess, while there is a Dirac mass term
veiξ/vϕN¯ + ve−iξ/vϕ¯N (where we have used the same symbol for superfield, scalar
and fermion). The currents are
jα = −
√
2i
[
ϕ∗ϕα − ϕ¯∗ϕ¯α +N∗Nα − N¯∗N¯α +M∗Mα +M ′∗M ′α +Φ∗Φα
]
j2α = (Nϕ¯α + ϕ¯Nα − N¯ϕα − ϕN¯α)
J = ϕ∗ϕ− ϕ¯∗ϕ¯+N∗N − N¯∗N¯ +M∗M +M ′∗M ′ +Φ∗Φ
F2 = NFϕ¯ + FN ϕ¯− N¯Fϕ − FN¯ϕ (4.8)
and jµ defined similarly. We have also suppressed gauge indices.
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This model contains only Dirac gaugino masses; thus the gaugino masses are given
by equation (3.7). We find
MH1/2(p
2/M2) =
1√
2
Mmess cos ξ/v
∫
d4q
(2π)4
1
(q + p)2 +M2mess
×
(
1
q2 +m2+
+
1
q2 +m2−
− 2
q2 +M2mess
) (4.9)
in agreement with [34].
At order g4, the sfermion masses are given by the contributions of the fields
ϕ, ϕ¯,N, N¯ only. We shall compute these using current correlators and equation (2.7).
We begin with C˜1, given by
C˜1 = − 1
3p2
(ηµν − 4p
µpν
p2
)〈jµ(p)jν(−p)〉, (4.10)
since there are contact terms
〈jµ(p)jν(−p)〉+ aηµν = −(p2ηµν − pµpν)C˜1. (4.11)
We then require the two point current correlator:
〈jµ(x)jν(0)〉 =2
[
(∂µD(x;m+)∂νD(x;m+)−D(x;m+)∂µ∂νD(x;m+)
+m+ ↔ m−
+ 2∂µD(x;Mmess)∂νD(x;Mmess)− 2D(x;Mmess)∂µ∂νD(x;Mmess)
+ 4ηµν(∂
ρD(x;Mmess)∂ρD(x;Mmess)−M2mess(D(x;Mmess))2)
− 8∂µD(x;Mmess)∂νD(x;Mmess)
]
(4.12)
which leads to
C˜1 =− 2
3p2
∫
d4q
(2π)4
(
(p + q) · (p + 2q)
(q2 +m2+)((p + q)
2 +m2+)
+m+ ↔ m−
+
2p2 + 14p · q + 12q2 + 16M2mess
(q2 +M2mess)((p + q)
2 +M2mess)
− 4
q2 +m2+
− 4
q2 +m2−
− 8
q2 +M2mess
)
.
(4.13)
We find, using the notation of [42],
−3C˜1 →− 〈0|m+|m+〉 − 4m2+〈0, 0|m+|m+〉+m+ ↔ m−
− 10〈0|Mmess|Mmess〉+ 8M2mess〈0, 0|Mmess|Mmess〉
− 4〈0, 0〉〈m+〉 − 4〈0, 0〉〈m−〉+ 8〈0, 0〉〈Mmess〉 (4.14)
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and, similarly
−C˜0 →− 2〈0|m+|m−〉 − 2〈0|Mmess|Mmess〉
4C˜1/2 →− 8〈0, 0〉〈Mmess〉+ 4〈0, 0|m+〉+ 4〈0, 0|m−〉+ 4〈0|m+|Mmess〉
+ 4zM2mess〈0, 0|m+|Mmess〉+ 4〈0|m−|Mmess〉 − 4zM2mess〈0, 0|m−|Mmess〉
+ 8〈0|Mmess|Mmess〉 (4.15)
which, when integrated using the expressions of [42], yields
Ar =
Mmess
(4π)4
(
2(1 + log(1− z2))((1 + z) log(1 + z) + (1− z) log(1− z))
− 4zLi2(z) + 2zLi2(z/(z − 1))− (1 + z)Li2(2z/(z − 1))
+ (2 + z)Li2(z
2)− 2zLi2(z/(1 + z)) − (1− z)Li2(2z/(1 + z))
)
.
(4.16)
After some manipulations one can show that
Ar =
2Mmess
(4π)4
(1 + z)
[
log(1 + z)− 2Li2(z/(1 + z)) + 1
2
Li2(2z/(1 + z))
]
+ (z ↔ −z).
(4.17)
in agreement with [34].
4.3 D and F Term Breaking
Suppose now that we return to the case of a single messenger pair, but consider both
D and F term breaking. The mass eigenstates of the scalars are given by
φ+ =
1√
|F |2 + |D +∆|2 ((D +∆)Q+ F
†Q˜†)
φ− =
1√
|F |2 + |D −∆|2 ((D −∆)Q
† + FQ˜)
(4.18)
with masses m2± = M2mess ± ∆ where ∆ =
√
D2 + |F |2. This leads to two-point
functions
〈Q(x)Q†(0)〉 = D +∆
2∆
D(x;m+) +
∆−D
2∆
D(x;m−)
〈Q˜†(x)Q˜(0)〉 = ∆−D
2∆
D(x;m+) +
∆ +D
2∆
D(x;m−)
〈Q(x)Q˜(0)〉 = F
†
2∆
D(x;m+)− F
†
2∆
D(x;m−)
(4.19)
leading to
H1/2(p
2/M2mess) =
1√
2
D
∆
I(M,∆) (4.20)
B1/2(p
2/M2mess) =
F
∆
I(M,∆) (4.21)
I1/2(p
2/M2mess) =
1
2
F †
∆
I(M,∆) (4.22)
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where I(M,∆) was defined in equation (4.4). Then we calculate the gaugino masses
to be
m± = I(M,∆) 1
2∆
[
1
2
λ2XF
† + g2F ±
√
(
1
2
λ2XF
† − g2F )2 + 2g2λ2XD2
]
. (4.23)
5 Adjoint Scalar Masses
In this section we consider the generation of masses for the adjoint scalars. Recall
that the adjoints can be decomposed into two componentsXR,XI with massesmR,mI
that can be calculated using current correlators using equation (3.16). From that we
see that if
|F˜ ′0(0)| > |F˜0(0)| (5.1)
then we have a tachyonic spectrum. In this section we calculate the masses for several
models. The simpler models yield tachyons, but we calculate the masses in general
for models with F-terms, and those with D-terms, and show how tachyon-free models
can be found in each.
5.1 One Messenger Pair
Here we consider the case of one pair of SU(5) messengers as in section 4.3. To
compute the scalar mass correction, we have two options. One is to treat the auxil-
iary fields as dynamical, and construct propagators for them and their mixing with
the fields Q, Q˜. The unitary transformation that rotates Q, Q˜ can also rotate their
auxiliary fields FQ, F˜Q as(
FQ
F˜ †Q
)
=
1√
2∆
(
F√
∆+D
F+ +
F√
∆−DF−√
∆+DF+ −
√
∆−DF−
)
(5.2)
giving propagators
〈φ+(x)F †+(0)〉 = −MmessD(x;m+)
〈F+(x)F †+(0)〉 = (+∆)D(x;m+)
〈φ−(x)F †−(0)〉 = −MmessD(x;m−)
〈F−(x)F †−(0)〉 = (−∆)D(x;m−)
(5.3)
and thus we find
F2 =
|F |
2∆
(FˆM†2 − FˆM2 ) +
(∆ +D)
2∆
FˆH2 +
(∆−D)
2∆
FˆH†2 + qq˜ (5.4)
where
FˆM2 = φ+F
†
− + φ−F
†
+ (5.5)
FˆH2 = φ+F
†
+ + φ
†
−F−. (5.6)
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In this case, the O(λ2) mass for the scalar is given by 〈F2(p)F †2 (−p)〉, but also the
correlator 〈F2(p)F2(−p)〉 gives the same scalar contribution to XX +XX ; the only
difference comes from the fermions. We thus compute 2
〈FˆH2 (p)FˆH†2 (−p)〉 =
[
〈m+〉+ 〈m−〉 − 〈m+|m+〉 − 〈m−|m−〉
]
〈FˆH2 (p)FˆH2 (−p)〉 =−M2mess
[
〈m+|m+〉+ 〈m−|m−〉
]
〈FˆM2 (p)FˆM†2 (−p)〉 =
[
〈m+〉+ 〈m−〉 − 2M2mess〈m+|m−〉
]
〈FˆM2 (p)FˆM2 (−p)〉 =− 2M2mess〈m+|m−〉 (5.8)
〈qq˜(p)qq˜(−p)〉 =2M2mess〈Mmess|Mmess〉 (5.9)
〈qq˜(p)q†q˜†(−p)〉 =(2M2mess + p2)〈Mmess|Mmess〉 − 2〈Mmess〉 (5.10)
Thus we find
M2F˜0(p
2/M2) =
[
〈m+〉+ 〈m−〉 − 2〈Mmess〉
]
+ (2M2mess + p
2)〈Mmess|Mmess〉
−M2mess
(
〈m+|m+〉+ 〈m−|m−〉
)
M2F˜ ′0(p
2/M2) =M2mess
[
2〈Mmess|Mmess〉 − 〈m+|m+〉 − 〈m−|m−〉
]
.
(5.11)
It is straightforward to see that
M2F˜0(0) =
M2mess
(4π)2
[
(2 + z) log(1 + z) + (2− z) log(1− z)
]
= −M
2
mess
(4π)2
(
1
3
z4 + ...)
M2F˜ ′0(0) =
M2mess
(4π)2
log(1− z2) = −z
2M2mess
(4π)2
(1 +
1
2
z2 + ...),
(5.12)
and therefore there is a tachyon.
We can also compute the correlators J˜0(p
2/M2), J˜ ′0(p
2/M2); we find
J = Q∗Q− Q˜∗Q˜ = 1
∆
[
D(φ†+φ+ − φ†−φ−)− |F |(φ†+φ− + φ†−φ+)
]
(5.13)
which leads us to
J˜0(0) =
MmessD
∆
[
〈m+|m+〉 − 〈m−|m−〉
]
=
MmessD
∆
log(m2+/m
2
−)
=
1
(4π2)
2D
Mmess
+ ...
(5.14)
2Of course, it is easier to compute the contributions by considering the couplings in the Lagrangian
L ⊃ −λ2
X
[Q†XXQ+ Q˜XXQ˜†]− λXMmess{[Q†(X +X)Q+ Q˜(X +X)Q˜†] +Xqq˜ +Xq¯ ¯˜q} (5.7)
which is left invariant by the diagonalisation of Q, Q˜. This calculation is to illustrate the method.
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which is equal to H1/2(0) to leading order in ∆, compatible with equation (3.20). We
also find that J˜ ′0 = J˜0 here.
5.2 Multiple Messengers
5.2.1 F Terms
We begin this subsection by analysing again the model of [34]. Consider the interac-
tion with the adjoint scalar in the Lagrangian with the scalar vev:
L ⊃y2|Φ|2
[
|ϕ|2 + |ϕ¯|2 + |N |2 + |N¯ |2
]
+ (Φ + Φ∗)Mmessy
[
− |ϕ|2 + |ϕ¯|2 + |N |2 − |N¯ |2
]
+ yΦ(ϕ¯αN
α − N¯αϕ) + c.c
(5.15)
Note that we can write |ϕ¯|2 − |ϕ|2 = ϕ∗+ϕ− + ϕ∗−ϕ+. This leads to
M2F˜0(p
2/M2) =−M2mess
[
2〈m+|m−〉+ 2〈Mmess|Mmess〉
]
+ 4(M2mess + p
2/2)〈Mmess|Mmess〉+ 〈m+〉+ 〈m−〉 − 2〈Mmess〉
M2F˜ ′0(p
2/M2) =−M2mess
[
2〈m+|m−〉+ 2〈Mmess|Mmess〉
]
+ 4M2mess〈Mmess|Mmess〉,
(5.16)
and thus
M2F˜0(0) =− M
2
mess
16π2
[
2 +
(1− z)2
z
log(1− z)− (1 + z)
2
z
log(1 + z)
]
∼ M
2
mess
16π2
[
2
3
z2 +
1
15
z4 + ...
]
M2F˜ ′0(0) =−
M2mess
16π2
1
z
[
2z − (1 + z) log(1 + z) + (1− z) log(1− z)
]
∼ −M
2
mess
16π2
[
1
3
z2 +
1
10
z4 + ...
]
.
(5.17)
Hence the two states of the adjoint have masses z2y2M2mess/32π
2, z2y2M2mess/96π
2,
so there is no tachyon. This shows that we may avoid a tachyon by using multiple
messenger fields.
Consider that for F -term supersymmetry breaking a spurion Ξ aquires a vev θ2F ;
we must generate a term in the Ka¨hler potential of
∆K ⊃ ΞΞ
†
Λ2
tr(XX †). (5.18)
We wish to find explicit models that will generate such terms. To do this we can
either compute diagrams, or use the result of [43, 44, 45, 46]: the correction to the
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Ka¨hler potential at one loop, ignoring the gauge-dependent contribution (since we are
considering spurions which are singlets of the standard model gauge groups) is
∆K = − 1
32π2
tr
(
M2φ
(
log
M2φ
Λ2
− 1
))
(5.19)
where for canonical tree-level Ka¨hler potential, and generic superpotential W
M2φ =W i¯k¯δk¯kWkj. (5.20)
We can now use this expression and expand to quartic order in the fields X ,Ξ. For
example, the simplest case that we can consider is the superpotential
W = Ztr(QQ˜) +QX Q˜ (5.21)
where Z =M + Ξ, generates
∆K = − 1
16π2
tr
(
(Z† + X †)(Z + X )
(
log
(Z† + X †)(Z + X )
Λ2
− 1
))
(5.22)
which, when expanded to quartic order and we consider terms proportional to Ξ†Ξ
gives (when we consider that Z,Z should be multiplied by the unit matrix for the
gauge indices, and thus commute with X ,X )
∆K ⊃ 1
32π2
Ξ†Ξ
M2
tr(X 2 + X 2) (5.23)
as expected - this gives a tachyonic mass. However, if we now generalise the model
a little we find that we can generate precisely the term required. Consider a set of
Nmess pairs of fundamental and antifundamental fields Qi, Q˜i¯ of equal masses Mmess.
We can write
W =Mmesstr(QiQ˜i¯)δi¯i + λij¯QiX Q˜j¯ + Ξµij¯tr(QiQ˜j¯) (5.24)
and then we find, after some algebra, that (for simplicity taking λ, µ to be real)
∆K ⊃ 1
16π2
Ξ†Ξ
M2mess
1
6
[
tr(X †X )tr
(
[λ, µ][λT , µT ]− 2[λ, λT ][µ, µT ]
)
+tr(X 2 + X 2)tr
(
µT (µλ2 + λµλ+ λ2µ)
)] (5.25)
and so to ensure the absence of tachyons we require
tr
(
2[λ, λT ][µ, µT ]− [λ, µ][λT , µT ]
)
> 2
∣∣∣∣tr
(
µT (µλ2 + λµλ+ λ2µ)
)∣∣∣∣. (5.26)
We also find a linear term proportional to ΞΞ†tr({µ, µ†}(λX + λ†X †)), which must
vanish to prevent a vev for X,X†. These constraints can be satisfied for example with
Nmess = 2 and the following choices
λ = y
(
1 0
0 −1
)
, µ =
(
0 1
0 0
)
(5.27)
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which gives
∆K ⊃ − y
2
16π2
Ξ†Ξ
M2mess
1
6
[
4tr(X †X )− tr(X 2 + X 2)
]
⊃ − y
2
96π2
Ξ†Ξ
M2mess
[
tr(
1
2
|X + X|2 + 3
2
|X − X |2)
]
.
(5.28)
5.2.2 D Terms
Now we consider stabilising models with a D-term. In this case, we do not calculate
the Ka¨hler potential, but rather the Coleman-Weinberg potential:
V =
1
64π2
Str(M4 logM2) (5.29)
We can consider a similar model to the above, with
W =Mmesstr(QiQ˜i¯)δi¯i + λij¯QiX Q˜j¯ (5.30)
but now the supersymmetry is broken by a term
∆V = D
(∑
i
ei|Qi|2 + e˜i|Q˜i|2
)
(5.31)
where the ei, e˜i are charges under a hidden gauge group whose coupling has been
absorbed into D. We can thus express the mass matrix as
M2 =M2ij ⊕ M˜2i¯j¯ (5.32)
where
M2ij =M
2
mess[(1 + λX/Mmess)(1 + λ
†X†)/Mmess]ij +Deiδij
M˜2i¯j¯ =M
2
mess[(1 + λ
TXT /Mmess)(1 + λ
∗X∗/Mmess)]¯ij¯ +De˜i¯δ¯ij¯
(5.33)
where the trace over gauge indices has been suppressed. If we make the further
simplifying assumption that e˜i¯ = −ei, then writing eˆ ≡ eiδij we find that to quartic
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order in D/M2mess
V1 =
M2mess
32π2
tr
[
2Mmess(Xλ+X
†λ†)
(
(1 +
eˆD
M2mess
) log(1 +
eˆD
M2mess
)
+ (1− eˆD
M2mess
) log(1− eˆD
M2mess
)
)
+XX†
(
3
2
D
M2mess
(eˆ[λ, λ†])− 1
3
D3
M6mess
(eˆ3[λ, λ†])
)
+XX†
(
D2
M4mess
{
1
3
([eˆ, λ][λ†, eˆ])
}
+
D4
M8mess
{
2
15
(eˆ4λλ†)− 1
5
(eˆ4λ†λ)− 1
5
(λ†eˆλeˆ3)− 1
5
(λeˆλ†eˆ3)− 1
5
(λeˆ2λ†eˆ2)
})
−XX
(
D2
M4mess
{
2
3
(λ2eˆ2) +
1
3
(λeˆλeˆ)
}
− D
4
M8mess
{
1
5
(λ2eˆ4) +
1
5
(λeˆλeˆ3) +
1
10
(λeˆ2λeˆ2)
})
−X†X†
(
D2
M4mess
{
2
3
((λ†)2eˆ2) +
1
3
(λ†eˆλ†eˆ)
}
− D
4
M8mess
{
1
5
((λ†)2eˆ4) +
1
5
(λ†eˆλ†eˆ3) +
1
10
(λ†eˆ2λ†eˆ2)
})]
(5.34)
We see that we can ensure the absence of a linear term for a U(1) adjoint by requiring
tr(λeˆ2n) = 0; this can be achieved by choosing charges 0,±1 and tr′(λ) = 0, where the
prime denotes that the trace should be taken over indices for which ei 6= 0. We can
also read off the condition to ensure no tachyons at small D as being tr(eˆ[λ, λ†]) > 0
or tr(eˆ[λ, λ†]) = 0,
tr([eˆ, λ]([eˆ, λ])†) > |4tr(λ2eˆ2) + 2tr(λeˆλeˆ)|. (5.35)
We can solve this, for example, with the following choices:
λ = y
(
0 1
−1 0
)
, eˆ =
(
1 0
0 −1
)
(5.36)
This corresponds to a model with fields Q1, Q2, Q˜1, Q˜2 with U(1) charges 1,−1,−1, 1
and superpotential
W =MmessQ1Q˜1 +MmessQ2Q˜2 + y(Q1X Q˜2 −Q2X Q˜1). (5.37)
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Here we can explicitly calculate the potential to be
V (ΣR,ΣI) =
M4mess
16π2
tr
{(
1 +
1
2
(Σ2R +Σ
2
I) +
√
g2D2/M4mess + 2Σ
2
I
)2
× log
[
1 +
1
2
(Σ2R +Σ
2
I) +
√
g2D2/M4mess + 2Σ
2
I
]
+
(
1 +
1
2
(Σ2R +Σ
2
I)−
√
g2D2/M4mess + 2Σ
2
I
)2
× log
[
1 +
1
2
(Σ2R +Σ
2
I)−
√
g2D2/M4mess + 2Σ
2
I
]}
(5.38)
for ΣR =
√
2yℜ(X)/Mmess,ΣI =
√
2yℑ(X)/Mmess. This is strictly positive, with a
minimum at ΣR = ΣI = 0, for D
2/M4mess < 1. Unfortunately this model does not
generate gaugino masses at one loop. In general, to calculate the gaugino masses we
write the currents
jα =
√
2
∑
i
viQ
∗
iQiα +
√
2
∑
i¯
v˜i¯Q˜
∗¯
i Q˜i¯α
j2α =λij¯(QiQ˜j¯α +QiαQ˜j¯)
(5.39)
where vi, v˜i¯ describe the “charges” of the messengers under the visible gauge group.
For the SU(N) gauge groups we must take vi = −v˜i¯ = 1, while for the hypercharge we
can choose the charges but take vi = −v˜i¯ for simplicity. Then defining vˆ = diag(vi),
we can calculate the Dirac gaugino masses to be (for ei = 0,±1)
mD =
1√
2
gtr(λeˆvˆ)I(Mmess,D) (5.40)
where I(Mmess,∆) was defined in equation (4.4). Now we can easily write down a
model that avoids a tachyonic direction while allowing for gaugino masses:
λ = y
(
1 a
−a −1
)
, eˆ =
(
1 0
0 −1
)
, vˆ =
(
1 0
0 1
)
, (5.41)
where 2|a|2 > |a2 − 3|. We then find scalar mass squareds of
m2P,M =
(2|a|2 ± |a2 − 3|)|y|2D2
24M2messπ
2
, (5.42)
with e4iθ = a¯
2−3
a2−3 (c.f. equation (3.13)) and gaugino masses of
√
2gyI(Mmess,D). With
regards to the visible sector sfermion mass squareds, the two loop contribution will
be O(D4/M6mess) by the reasoning of [17, 18, 47], and so provided D2/M4mess < λ2 the
dominant contribution comes at three loops. Calculated using equation (3.23), this is
m2
f˜
=
3∑
r=1
α2rC2(f ; r)
32π4
D2
M2
{
4|y|2 log
[
π
3αr
(2|a|2 + |a2 − 3|)
]
+ (y − y∗)2 log
[
2|a|2 + |a2 − 3|
2|a|2 − |a2 − 3|
]} (5.43)
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For a, y real, we simply require to a2 > 1, and then the mass squareds are
m2
f˜
=
3∑
r=1
C2(f ; r)
y2α2r
8π4
D2
M2mess
log
[
π
αr
(a2 − 1)
]
. (5.44)
We thus have an R-symmetric model with D-term supersymmetry breaking that de-
pends upon two real parameters D,Mmess and two complex ones a, y.
6 General Kinetic Mixing
The calculation of kinetic mixing between U(1) gauge fields [48, 26, 49, 50, 51, 52, 53]
can also be recast into the evaluation of current correlators: consider initially a single
hidden U(1) gauge field with field strength W ′α = D
2
DαV
′ and coupling g′. It couples
to a hidden sector current J ′ via
L ⊃
∫
d4θg′J ′V ′. (6.1)
We want to consider the mixing with the visible sector U(1)Y hypercharge. Therefore,
we can define the correlators
〈J(p)J ′(−p)〉 = C˜(Y )′0 (p2/M2;M/Λ)
〈jα(p)j′β˙(−p)〉 = −σµαβ˙pµC˜
(Y )′
1/2 (p
2/M2;M/Λ)
〈jµ(p)j′ν(−p)〉 = −(p2ηµν − pµpν)C˜(Y )′1 (p2/M2;M/Λ).
(6.2)
In the case of supersymmetry, these are equal (C˜
(Y )′
0 = C˜
(Y )′
1/2 = C˜
(Y )′
1 = C˜
(Y )′) and
we find a term in the Lagrangian
L ⊃
∫
d2θ C˜(Y )′(p2)W ′αW
α (6.3)
but otherwise we generate
δLeff ⊃ g1g′C˜(Y )′0 (p2)
1
2
DD′−g1g′C˜(Y )′1/2 (p2)iλ′σµ∂µλ¯−
1
4
C˜
(Y )′
1 (p
2)F ′µνF
µν+c.c. (6.4)
and therefore for SUSY breaking we are interested in C˜
(Y )′
0 ; we find that the formula
for squark mass squareds (2.7) should be modified to
m2
f˜
= g21Yf (ξ + g
′C˜(Y )′0 (0)〈D′〉) +
3∑
r=1
g4rC2(f ; r)Ar. (6.5)
Therefore a D-term for the hidden U(1) manifests itself as a Fayet-Iliopoulos term
in the visible one - preserving the mass sum rules. However, since this effect is
suppressed by a factor of g′C˜(Y )′0 relative to a tree level FI term it there is no a
priori reason to forbid it - and indeed messenger parity does not exclude it. If we
assume that g′ ∼ g and that C˜(Y )′0 (0) ∼ 10−9 consistent with current limits, then we
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may have 〈D′〉 as large as ∼ 105GeV 2, but the size of kinetic mixing may be many
orders of magnitude smaller than this, for example if the hidden U(1) is a dark matter
constituent [54, 55, 56, 57, 58]. In this case, as pointed out in [50], a kinetic mixing of
10−16 is consistent with 〈D′〉 ∼MZMpl. We should thus not discount the possibility
that D-term communication via kinetic mixing contributes to the soft masses, yielding
a fourth real parameter to the gauge mediation spectrum.
As in the case of the MSS correlators (2.3), the singular behaviour of the new
correlators is given by
C˜(Y )
′
a (p
2/M2;M/Λ) = 2π2c log(Λ/M) + finite (6.6)
with the same c for each, since supersymmetry is restored above the scaleM . However,
for string-derived D-brane models of kinetic mixing where there is no light matter
charged under the hidden U(1) [59, 60, 61], we generically find that c = 0; at one
loop, it is given by tr(QQ′), i.e. a trace over the states of the product of their charges
under the two U(1)s, and in such models the heavy states satisfy this while still
contributing a threshold correction to C˜
(Y )′
a .
The general approach to kinetic mixing is useful when we consider that the effect
is generated by integrating out super-massive modes, and thus it is sensitive to the
UV completion of the theory. If the completion is string theory, then the effect may be
generated by either massive bifundamental fields or axions. The axionic interaction
with gauge fields Vi can be given by
L =
∫
d4θ MA(A+ A¯)QiVi (6.7)
where A is a chiral multiplet describing the axion with components (A, sα) and Qi ∈
{Q,Q′ · · · } are Green-Schwarz coefficients. Writing a = ℜ(A) we find {J, J ′} =
{MAQa,MAQ′a} and {jµ, j′µ} = {MAQ∂µa,MAQ′∂µa} so
C˜
(Y )′
0 (p
2/M2) =M2AQQ
′〈a(p)a(−p)〉 (6.8)
and C˜
(Y )′
1 = C˜
(Y )′
0 even when supersymmetry is broken.
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